We have refined vibrational force fields for polypeptides that permit excellent reproduction of the normal mode frequencies of such molecules. This is demonstrated in the present study, in which 80 IR and Raman bands of crystalline triglycine between 1800 and 200 cm-' are reproduced with an average error of 6 cm-'. A deuterated sample is shown by normal mode analysis to have remained protonated at the C-terminal peptide group. Such results show that normal mode analysis can now provide a rigorous base for spectral studies of conformation in peptides and proteins.
INTRODUCTION
Normal mode analyses of the vibrational spectra of small peptides of known structure are useful in validating force fields developed for polypeptides [ 11 and in providing convincing support for predictions of related unknown structures. As an example of this, our satisfactory analysis of the parallel-chain p structure in crystalline Val-Gly-Gly [2] enhances our confidence in the predictions of the vibrational spectrum of the general parallel-chain p-sheet [ 31. Such studies also provide a rigorous base for using the observed spectra in further structural studies of these small peptides, and they help to analyze spectral details that need to be understood in order to permit the development of more complete force fields.
In this paper we present an analysis of the vibrational spectrum of a specific antiparallel-chain @structure of crystalline triglycine, Gly, [ 41. Previous structure studies on this molecule [5-S] have shown that it adopts at least two different crystal forms, probably corresponding to different molecular conformations. We have ascertained that our spectra are derived from the same kind of crystals on which the crystal structure analysis was done (The intensity scale is for the protonated molecule. For the deuterated molecule, the intensity scales are: 0.4E05-3.2E05 (25-100 cm-'), 4.2E03-1.2E04 (100-1800 cm-'), and O.lE03-4.2E04 (2300-3500 cm-').) the complications of previous solid state IR studies [9] , in which it was noted that different spectra were obtained from different forms, as well as of earlier solid state Raman studies [lo] , in which the sample was poorly defined. Previous vibrational studies of Gly, have been based on a crude Urey-Bradley force field [ 111, and, for analysis of the conformation in aqueous solution [ 121, on a valence force field for diglycine. This analysis is based on our force field for polyglycine I [ 131, extending this to include force constants for the end groups by a refinement of the normal modes of crystalline diglycine. A preliminary report of the results has been presented [ 141.
EXPERIMENTAL
Triglycine was obtained as a powder sample from Sigma. Small crystals were grown from this material by slow evaporation of an aqueous methanol solution at room temperature.
Tiny crystals were formed by rapid crystallization in vacua. The spectra recorded from these three kinds of sample were significantly different, indicating differences in local molecular structure. The crystals formed by slow evaporation from methanol solution were found by X-ray diffraction [ 151 to correspond to those for which the crystal structure was determined [ 41, and these or tiny crystals grown on a watch-glass (which gave similar spectra) were used in our studies. Crystals of of N-deuterated Gly, were prepared in a similar manner, following three successive treatments with CH,OD/D,O followed by freeze-drying.
(The freeze-drying procedure on normal samples gave our standard spectra.) As will be seen below, a specific pattern of deuteration resulted from this treatment.
Infrared spectra were obtained in KBr discs, at room and liquid nitrogen temperatures, using a Bomem DA3 FTIR spectrometer operating at a resolution of 2 cm-'. Raman spectra were obtained from the crystals in a capillary tube, using a Spex 1403 spectrometer and 5145 A excitation. The laser power was 500 mW, and a spectral band width of 2 cm-l was used. Infrared spectra of Gly, and its deuterated derivative are given in Fig. 1 , and Raman spectra are presented in Fig. 2 .
NORMAL MODE CALCULATIONS
The unit cell of our form of Gly, is triclinic, space group Pi, with a= 11.656 A, b=14.817 A, c=4.823 A, cx=88.45",~=95.96", y=105.42", and2=4, two molecules comprising the asymmetric unit (our labels A and B correspond to I and II [4], respectively).
The unit cell is shown in Fig. 3 , and the asymmetric unit is shown in Fig. 4 . The conformations of the two molecules in this unit are very similar, except around the NH,+ groups, and they both have_ fully extended trans-planar structures (the C"-C" repeat distances are 7.27 A (A) and 7.18 A (B), compared to 7.044 A in polyglycine I [ 161). The backbone torsion angles are [4] A: ly,= -150", ol= -176", &=178", v2= -172", w,=-179",~~=173",andy/,=-173";B:y/,=-162",~~=176",~,=-166", v/z = 175 ', co2 = -176 ', q& = 173 ', and ly, = -169'. The hydrogen-bonding pattern is quite complicated, involving bifurcated hydrogen bonds in some cases (see Table 6 of ref. 4). The peptide hydrogen bonds differ for the A and B molecules, with some being very weak (d (Ha * -0) > 2.28 A, compared for example to d(H**.O) = 1.75 A in polyglycine II and/Cpoly(L-alanine), 1.88 A in cr-poly (L-alanine), and 2.12 A in polyglycine I [ 1 ] ). The hydrogen bonds between end groups also differ for the A and B molecules. hydrogen bonds that were included in the calculation (cf. Fig. 4 The changes made in the main chain force constants from PGI were as follows. While wetookf(C,=O)A=f(C2=O)A=f(C1=O)B=f(C=O)poI=9.882,we set f(C,=O)n=9.750, since this bond is 0.006 A longer than the mean value of the other three C=O bonds (1.228 + 0.001 A). Since the d(H* * -0) vary significantly, we chose values of the f(NH) to reflect the hydrogen-bond strength, using as a first approximation the f( NH) -d (N* * * 0) relationship obtained from ab initio studies [ 191. We took f( Cf H) equal to the PGI value of 4.564 but we set f( C!: H ) = 4.820, since this group next to CO, gives rise to frequencies over 3000 cm-l in diglycine, and we set f( CYH ) = 4.640, to account for the relatively high ( N 2960 cm-' ) frequency for this group in diglycine (these changes required setting f(CYH,COIH) = 0, compared to its value of 0.01 in PGI, and adjusting f(CCYH) ). The values of f(CcYNH) and f(CNH) had to be adjusted slightly (from 0.527 to 0.487) to account for the amide II modes, probably a result of the difference in hydrogen bonding strengths between PGI and Gly,. The amide V modes presented a bigger problem, undoubtedly related to the significantly different hydrogen bond strengths in the A and B molecules; we tried to compensate in part for this situation by keeping f (NH ob ) B and f( NH ob,CN t)n at the PGI values and increasing the A counterparts to account for their stronger hydrogen bonds.
The main chain force constants are given in Table 2 . The changes from PGI can only be considered approximations to the optimum modifications, since we have not undertaken a detailed force field refinement for the Gly, structure; the complexity in the hydrogen-bonding pattern is undoubtedly reflected in sensitive differences in force constants. At this stage, we chose only a minimal adjustment in a few force constants so that the most salient features of the spectra are reproduced. The broader problem of the detailed dependence of force field on hydrogen bonding and geometry will probably have to be dealt with through theoretical studies, such as our ab initio analysis of the glycine dipeptide [ 201. The end group force constants are from our diglycine analysis, which was based on a refinement of initial values taken from a valence force field for the free molecule [ 211, and are also given in Table 2 .
Infrared intensities and frequency shifts of some of the amide modes were calculated by dipole derivative coupling (DDC ) [ 21, using dipole derivatives for the peptide group obtained from ab initio studies of hydrogen-bonded Nmethylacetamide [ 221.
RESULTS AND DISCUSSION
The observed and calculated frequencies of Gly, are given in Table 3 , together with the potential energy distribution (PED ) for each mode. For amide I, II and V modes, calculated IR intensities are given with the PEDs.
On examination of the spectra of the N-deuterated Gly,, it became evident that the molecule was not completely deuterated; this is most clearly seen in the presence of an NH stretch mode at 3280 cm-l, VS, in the IR. As we shall see, the evidence is strong that NH,+ is converted to ND: and that only one of the peptide nitrogens is deuterated. The results of normal mode calculations on both possible structures favor the NIDz N,DN,H structure (see discussion below). In Table 4 , we present the calculated modes for this structure and our assignments of the observed bands. The reason for this pattern of deuteration is not apparent; it could be that the N3 hydrogen is difficult to exchange, or, on the other hand, that it exchanges very readily and was subject to re-exchange on handling. In any event, this unusual pattern of deuteration has provided an interesting challenge to our predictive capabilities.
The NH stretch(s) modes, despite being perturbed by Fermi resonances
[ 231, reveal a pattern that is undoubtedly related to the relative hydrogenbond strengths, which would result in a frequency order of v ( N3*H) < v ( NzAH) < v ( NSBH) < v ( N3nH). (This is not modified by taking Fermi resonance into account, using reasonable assignments of the vn values [23] in the, admittedly complex, -3100 cm-l region.) Four bands are observed, at 3284,3298,3315, and 3322 cm-' in the IR, that can be assigned to these respective modes on the basis of relative f(NH) force constants determined from an ab initio f( NH ) -d ( N * * -0 ) relationship [ 191. (We have matched the calculated with the observed 3284 cm-l frequency and allowed the others to be determined by the f( NH) -d (N. . -0) relationship [ 191; this is mainly for illustrative purposes, since we have not undertaken a Fermi resonance analysis of the 3100 cm-' VB region). These assignments are further confirmed by the pattern resulting from deuteration: the highest and lowest frequency bands remain, the original bands shifting down to 3280 and 3313 cm-', while the two middle bands disappear, to be replaced by a pair of bands at 2424 and 2408 cm-' (these two are well resolved and of reversed intensity ratio at liquid nitrogen temperature). The 2468 cm-' band is probably amide B, its higher value than amide A being similar to the situation in poly (L-alanine-ND ) [ 231. The presence of bands near the values predicted for ND,+ ( N 2360-2200 cm-') supports our assertion that deuteration of this end group has occurred. Thus, the patterns of NH s and ND s modes are consistent with the deuterated molecule being NIDT N2DN3H. (8) NCffCdB (13),C;CtA (14),N,HobB (7),N,HobA (7) NCTC dB (13) (15) NC; tB(ZO),C;C tB (14) ,N,HobB (7) NC; tB(lS),N,HobB(G) H..Os1 (22) (24) He.0 s2 (9),H..O s4(9) NC? tB (14),N,HobB(ll),C,NtB(19) CO*.Hb5 (18) H.*Os7(16),H*.Os8(12),C;CtA(ll) H~~Os8(11),H~~Os10(11) H..Os2(7),N,HobB(7) NH..0 t4(10) NC$C tB (13) , N,HobB(lO) NH~~Ob2(15),CO~~Hb2 (13) ,N,HobA(G) , N,HobB(S) C; tB(18),NH.. ObS(lO) ,N,HobB (7) NC,* tA(S),N,HobB(7) CO..Hb5 (15) , NCy tA(ll) ,N,HobB(G) He.0 s4(12),NHa.O tl(lB),CO*.H b7(12) CO..Hb8(12),CO..Hb6(10) *Bands marked with an asterisk are evident at low temperature. by, stretch, as, antisymmetric stretch, ss, symmetric stretch; b, bend, ib, in-plane bend; ob, out-ofplane bend; d, deformation; w, wag; tw, twist; r, rock; t, torsion. See Fig. 4 . for designation of atoms, molecules and bonds. (Hs= NH,+, 02= CO;, C,H,= CZH,.) Contributions > 10% are shown except for NH modes for which contributions> 5% are shown. Numbers in parentheses are calculated IR intensities. For differences in PEDs between g and u species of < 4%, average is given. (8) CO~~Hb5 (17),H~~OslO(l6),NC~ tA(l0) CYC tB (22) C0s.H b5(10) NH.*Ob3(19),H.*Os3(16),N,DobB (7) NH..0 b3(9) H~~Os10(16),H~~Os5 (13) "Bands marked with an asterisk are evident at low temperature.bs, stretch; as, antisymmetric stretch; ss, symmetric stretch; b, bend; ib, in-plane bend; ob, out-of-plane bend; d, deformation; w, wag; tw, twist; r, rock; t,torsion. See Fig. 4 for designation of atoms, molecules and bonds.
(D3 = ND3+, 0,~ COz-, C,H,= CFH,. ) Contributions > 10% are shown except for NH modes for which contributions> 5% are shown. Numbers in brackets are calculated IR intensities. For differences in PEDs between g and u species of < 4%, average is given.
The assignments of CH, s modes are reasonable, although we must leave open the possibility of some uncertainties because of Fermi resonances occurring as well in this region [ 241. Nevertheless, the frequencies of the different CH, groups seem to segregate themselves and be reasonably well identified (our assignments for C,H, follow those in diglycine [25] , where bands are observed at 2960 and 2874 cm-l, and similarly for C3H, [ 251, where bands are observed at 3014 and 2926 cm-').
The amide I modes are quite well reproduced by the DDC calculation, in both frequencies and relative IR intensities, particularly when we consider that the unperturbed frequencies are predicted at about 1674,1673,1672, and 1662 cm-' for both the A and B molecules (we do not have an explanation for the IR doublet at 1685,168O cm-l). The changes on deuteration are also reasonably well explained. The NiDc N2HN3D structure gives similar frequencies, so the amide I region does not provide a basis for distinguishing between the two kinds of deuterated molecules.
The NH,+ antisymmetric bend (ab) modes at 1630 and 1623 cm-l are not well defined in the spectrum (in contrast to the case of Val-Gly-Gly [ 21, where they are observed at N 1610 cm-', MS, in the IR). Nevertheless, they are absent in the spectra of the deuterated Gly,, and the appearance of the 1175 cm-l ND,+ symmetric bend (sb) mode (in a clear region of the Gly, spectrum) again shows that this group was deuterated. The presence of weak bands near 1607R and N 1588R, IR cm-' assignable to CO< antisymmetric stretch (as) makes the assignment of the very strong band at 1602 cm-l in deuterated Gly, to this mode seem strange, but a similar result was found in Val-Gly-Gly [ 21: a very weak band at 1580 cm-l (seen only at low temperature) was replaced on deuteration by a medium intensity band at 1589 cm-l.
As can be seen from Table 3 there are no "pure" amide II modes, but NH inplane bend (ib) is mixed with NH: sb. The unperturbed modes are calculated in the range 1547-1530 cm-', but DDC spreads these over the range 1574-1526 cm-'. The frequency agreement with observed bands is quite good, and the strong IR bands at 1553 and 1538 cm-' are well predicted by the intensity calculations (if not in the observed intensity ratio). The frequencies in the deuterated molecule are reasonably well predicted, although the relative intensities are not. This is probably a result of not having accurate enough eigenvectors at this, relatively unrefined, stage of the force field. In this case, the N,D,+ N,HN,D structure predicts a different pattern of amide II modes: 1562(g), 1551(g), 1546(u) , and 1536(u) cm-'; the observedpattern is in better agreement with the N,D,f NzDNBH structure.
In the region of N 1470-1330 cm-', we find that there is significant mixing of CO, symmetric stretch (ss) and CH, wag (w) with CH, b, so that it is difficult to speak of relatively pure modes. The calculations give a reasonable explanation of the observed bands of Gly,. They also indicate that many of the modes change character on deuteration, which can account for the observed frequency as well as intensity changes. In particular, except for the observed bands at 1361 and 1416 cm-l, the six frequency downshifts, the one essentially unchanged frequency (1415 cm-l ) and the one frequency upshift (1349 cm-') predicted on deuteration are seen in the behavior of the observed bands.
In the N 1300-1220 cm-' region, we find CH2 twist (tw) mixed differentially with NH ib: CH, tw dominates above 1260 cm-l while NH ib predominates below. As a result, deuteration has a non-trivial effect above 1260 cm-' (cf. the significant changes in calculated modes at 1284,1276 and 1261 cm-', and the associated changes in observed frequencies and intensities) in addition to the changes seen below 1260 cm-' associated with N2H to N,D conversion. In the latter case it is important to note that, while the N2H ib component of the
